Myocardial infarction may be demonstrated using radioisotopes in two distinct ways. Firstly, ionic tracers, behaving like potassium, accumulate in viable perfused myocardium, while infarcted areas may appear as regions of diminished or absent uptake. Secondly, recent myocardial damage can be shown using tracers which selectively concentrate in acutely injured cells. Both techniques are potentially useful to show and localise infarction but neither is entirely satisfactory. In ionic tracer studies, perfusion defects may represent old or recent infarction and such defects may be obscured by tracer uptake in healthy myocardium. Background radiation, movement of the heart associated with cardiac activity and with respiration, and the limited resolution of nuclear imaging techniques may result in failure to detect small areas of abnormality. On the other hand, selective uptake into acutely damaged tissue is often not apparent for up to 12 hours after the onset of symptoms. Furthermore such uptake can be obscured by uptake in normal overlying bone and it may not be specific to acute Received for publication 2 September 1977 myocardial infarction. The purpose of this study was to evaluate both types of tracer in the assessment of myocardial infarction when used alone or as a combination in the same patient to assess equivocal results. Furthermore, the additional information provided by the combination might provide an estimate of the extent of previous and recent myocardial damage as well as an indication of prognosis.
Patients and methods '29Caesium (129Cs)l was used to demonstrate viable perfused myocardium and 99Tcm stannous pyrophosphate2 (99Tcm PYP) to demonstrate acutely damaged tissue. 129Cs has a half life of 32 hours and decays by electron capture with principal gamma ray emissions at 372 and 411 keV. 99Tcm has a half life of 6 hours and decays by isometric transition emitting a single gamma ray of 140 keV.
Initially 129Cs imaging was carried out with a rectilinear scanner (J & P Engineering Ltd). The high energy collimator was used and the single channel analyser was set to accept pulses between 350 and 480 keV. The scan speed was 12-5 mm s-I at a line spacing of 4 mm giving a maximum count density of 8 mm-2. Later 129Cs and all 99Tcm PYP studies were made using a standard gamma camera (Radicamera Mk II General Electric) fitted with the low-energy, parallel hole collimator for the 99Tcm studies and the mid-energy, parallel hole collimator for the 129Cs studies. A 20 per cent window width was used for all the camera studies centered on 140 keV for 99Tcm and 400 keV for 129Cs. Each 129Cs image was integrated over 10 minutes giving an average of 300 000 counts total. Each 99Tcm image was integrated until 600 000 counts had been collected. Data were accumulated on a 64 x 64 matrix and stored on magnetic disk using the Med II Computer system.
Forty-four patients with a variety of cardiac disorders including ischaemic heart disease, cardiomyopathy, and valvular disease were studied with '29Cs alone. Eighty-four patients with suspected acute myocardial infarction were studied with 99Tcm PYP alone. Nineteen patients with suspected acute myocardial infarction were studied with both '29Cs and 99Tcm PYP. All imaging was reported by the same experienced observer without knowledge of clinical information.
In all 103 patients with suspected acute myocardial infarction received 99Tcm PYP. Their ages ranged from 27 to 80 (mean 55) years. The male: female ratio was 6:1. These patients had daily electrocardiograms and estimation of the serum enzymes SGOT, SHBD, and CK over the first 3 days after admission. In 21 of them the cardiospecific MB fraction of CK was also estimated. Samples were stored at 4°C. Mini-column chromatography was then performed to separate the CK isoenzymes and MBCK activity was estimated spectophotometrically using Worthington Statzyme reagent.
Imaging was performed 12 to 102 (mean 61) hours after the onset of symptoms. Ten patients had repeat examinations on one or more occasions. 10 mCi of 99Tcm PYP were administered intravenously and imaging was performed 40 minutes later in anteroposterior (AP), left anterior oblique (LAO), and left lateral (LL) views. 99Tcm PYP uptake was considered to be normal when confined to sternum and ribs and abnormal when additional uptake was detected in the region corresponding to the heart.
The area of myocardial tracer uptake was outlined using a light pen on the computer display.
This area was measured as the number of elements of matrix (pixels) thus enclosed. The largest area in any of the three views was taken to represent infarct size.
Standard clinical, electrocardiographic, and enzyme criteria (all patients) and MBCK elevation (21 patients) were used to assess the reliability of 99Tcm PYP in the diagnosis of acute myocardial infarction. 99Tcm PYP is taken up by bone and acutely damaged myocardium. Localisation of infarction was achieved by using the sternum as a landmark and recognising the different patterns of uptake associated with involvement of particular walls. Standard 12 lead electrocardiographic criteria (New York Heart Association, 1973) were used to assess the reliability of 99Tcm PYP in the localisation of acute myocardial infarction.
Sixty-three patients with a variety of cardiac disorders received 129Cs. Their ages ranged from 20 to 79 (mean 51) years. The male:female ratio was 5:1. All had standard 12 lead electrocardiograms. 2 mCi of 129Cs were administered intravenously along with 5 mCi of 99Tcm bound to human serum albumin (99Tcm HSA), the latter acting as a blood pool marker. Blood pool images taken simultaneously with myocardial images were used in a computer subtraction technique to allow for residual 129Cs in the blood pool (Rothman et al., 1974) . Each element in the 99Tcm image was multiplied by a factor and subtracted from the corresponding element in the 129Cs image. The factor was chosen empirically so that the resultant intracavity count density was just reduced to zero. Such dual imaging was then performed 45 minutes after injection in the AP, LAO, and LL views. 129Cs imaging was compared with electrocardiography in the diagnosis and localisation of infarction. In comparison with 99Tcm PYP, localisation with 129Cs is considerably easier because the remaining viable myocardium can be identified.
An attempt was made to assess infarct size by classifying defects as large when they involved more than one wall, medium if between half and one wall, and small if less than half of one wall. Infarct size was estimated from the electrocardiograms using the criteria of Selvester (Selvester et al., 1972) .
Of the 19 patients with suspected acute myocardial infarction who received both 129Cs and 99Tcm PYP, 18 were men. Their ages ranged from 27 to 69 (mean 51) years. The time from onset of symptoms to imaging with 99Tcm PYP ranged from 19 to 102 (mean 65) hours. It is not possible to perform the two examinations simultaneously since the high energy (372 and 411 keV) of the gamma rays emitted by 129Cs produce scattered radiation which might give the spurious appearance of tracer Table 1 . Uptake of 99Tcm PYP was compared with an increase in serum levels of MBCK in the 21 patients in whom this investigation was performed. The results are shown in Table 2 . Localisation of infarction using 99Tcm PYP is compared with electrocardiographic localisation in the 56 patients with positive tracings and is shown in Table 3 . There is good general agreement. Posterior extension of inferior infarction was found more frequently by 99Tcm Pyp imaging than by the standard electrocardiographic criteria. Posterior extension on imaging correlated well, however, with pronounced 'reciprocal changes' in the ST segment and T waves ofthe (R) praecordial leads (Table 4) . Estimates of infarct size in the patients with myocardial uptake of 99Tcm Pyp ranged from 65 to 420 (mean 194) pixels; 420 pixels being the largest estimate of infarct size obtained, these were classified as small if less than 140, 4 and in 2 of these this was associated with further pain and a rise in serum enzymes. The results are set out in Table 5 . Table 6 shows the relation between the 12 lead electrocardiogram and 129Cs imaging in the diagnosis of myocardial infarction and Table 7 the comparison with regard to the localisation of infarction in the 23 patients with electrocardiographic evidence of infarction and defective 129Cs uptake. There is a and has since been established as a useful agent in the diagnosis of acute myocardial infarction (Willerson et al., 1975) . Irreversible ischaemic myocardial damage is accompanied by an influx of calcium into the cells and its deposition as hydroxyapatite in the mitochondria (D'Agostino and Chiga, 1970) . This has been suggested as a marker for irreversible ischaemic myocardial damage (Shen and Jennings, 1972) . Bonte originally suggested that 99Tcm PYP uptake was secondary to this process . However, recent work has suggested that the 99Tcm PYP is associated with cytoplasmic denatured macromolecules rather than mitochondrial hydroxy apatite (Dewanjee and Khan, 1976) . Many other tracers have been used for the demonstration of acutely infarcted tissue, but in terms of imaging characteristics, time course of uptake, and infarct: myocardium ratio, 99Tcm PYP is at present the agent of choice .
Our results confirm that 99Tcm PYP is a useful agent in the diagnosis of acute myocardial infarction. However, 13 patients with definite acute myocardial infarction failed to show abnormal uptake, a false negative incidence of 13 per cent. Tracer uptake was seen in 6 patients with a suggestive history of acute myocardial infarction but no rise in serum enzymes or typical electrocardiographic abnor- (Ahmad et al., 1976; Kelly et al., 1977) , cardiomyopathy (Perez et al., 1976) , disseminated malignancy (Soin et al., 1975) , myocardial contusion (Go et al., 1975) , after DC cardioversion (Pugh et al., 1976) and in uraemia with secondary hyperparathyroidism and pericarditis (Janowitz and Serafini, 1976) . Uptake in normal bones can occasionally simulate myocardial uptake. On the other hand the high incidence of uptake of 99Tcm PYP in unstable angina does suggest that subclinical myocardial damage can be detected (Donsky et al., 1976) . The MB isoenzyme of CK is a sensitive indicator of the presence of acute myocardial infarction (Varat and Mercer, 1975) . Of the 19 patients with raised levels of MBCK, 3 patients had normal uptake of 99Tcm PYP, confirming the false negative incidence. The one patient with abnormal uptake of 99Tcm PYP but normal levels of MBCK presented late. As MBCK levels usually return to normal within 24 to 36 hours after infarction the discrepancy may not be significant. In 2 of these this was associated with further pain and a rise in serum enzymes (cases 6 and 9). In 1 patient the rise was early and probably represents normal evolution over the first 24 to 48 hours (case 10). In 1 patient initial imaging was normal and the subsequent apparent uptake of tracer was atypical. This was not associated with electrocardiographic or enzyme evidence of infarction and is probably spurious (case 3).
Several radioactive tracers have the property of active uptake by viable myocardial cells. Those clinically useful for myocardial imaging using the gamma scintillation camera include various isotopes of potassium, caesium, rubidium, thallium, and ammonia. 81Rb and 13NH3 are also suitable for myocardial imaging using a positron camera. Recently image resolution has been much improved using computerised positron transaxial tomography with 13NH3 (Phelps et al., 1976) . Of the isotopes suitable for gamma camera imaging, 201T1 is most widely used but good quality images can be obtained using 129Cs (Romhilt et al., 1973) , particularly in association with blood background correction techniques (Rothman et al., 1974) . In contrast to 99Tcm PYP ionic tracers can demonstrate infarction soon after onset of symptoms (Wackers et al., 1976) . Even transient defects present only on exercise can be shown in patients with angina pectoris using tracers such as 43K and 201TI which have a rapid myocardial uptake. 129Cs, however, is unsuitable for this because its uptake time is relatively long (40 minutes) and it can detect only defects present at rest (Poe, 1972) . Such resting defects can represent old or recent infarction. We have found 129Cs to be a sensitive indicator of the presence and location of anterior myocardial infarction. It is somewhat less sensitive in inferior infarction, probably because such regions are seen 'end-on' and the inferior wall may be obscured by uptake in the liver. In all but 2 of 27 patients with infarction, perfusion defects were present. The two exceptions were both cases of inferior infarction. Recent work has suggested that, using current teclmiques, the detection of small perfusion defects is inconstant (Mueller et al., 1976) . Perhaps this is the explanation in these 2 patients. On the other hand they could be examples of right ventricular infarction which usually presents with electrocardiographic signs of inferior infarction. As 129Cs usually shows left ventricular myocardium only, failure to demonstrate right ventricular infarction would not be surprising. The occurrence of perfusion defects in 3 patients with normal electrocardiograms and 5 patients with conduction abnormalities show how myocardial imaging can be a useful adjunct to the usual investigations. The simultaneous blood pool images which are used in the subtraction procedure can also help in diagnosis, particularly in showing aneurysmal dilatation of the left ventricle. In addition such images can be used to assess chamber size and interventricular septal thickness.
Radionuclide imaging has been proposed as a means of assessing infarct size. Indeed the area of abnormal uptake of 99Tcm PYP on external imaging has been shown to correlate with infarct weight determined post mortem in dogs (Botvinick et al., 1975) . In the human, however, such studies are complicated by the absence of an absolute marker of infarct size for comparison. External imaging presents a 2-dimensional image of an infarction, and count density cannot be used to give a third dimension as 99Tcm PYP uptake is not uniform throughout an infarct, its distribution being dependent on perfusion. Table 5 indicates how infarct size estimates change with time using this method. At the time when measures to limit infarct size would be most effective, that is within the first 24 hours, the 99Tcm PYP images are still evolving. Variable tissue absorption from different regions of the heart and the inadequate resolution of gamma cameras both contribute to the errors. Significant errors are also involved in using 129Cs to assess infarct size. As previously mentioned, overlying healthy myocardium would produce a tendency to underestimate infarct size as would movement and background radiation. Any estimation of infarct size from perfusion defects entails subjective assessment of the original mass of myocardium. Such estimates necessarily include old as well as recent infarction and it has been reported that perfusion defects resulting from myocardial infarction tend to diminish or disappear over the first 24 hours after infarction (Wackers et al., 1976) .
Whatever this process represents it makes interpretation of the effects of intervention difficult. These factors do not necessarily preclude the assessment of infarct size using radionuclide methods. Indeed we showed a reasonable correlation between 129CS imaging and the electrocardiogram in such assessments. They do, however, limit the accuracy with which these measurements can be made.
Perhaps of more relevance to the individual than the size of any particular acute episode is the extent of remaining viable myocardium. Ionic tracers are well suited for this as they show healthy perfused tissue and do not distinguish old from recent damage.
The combination of 99Tcm PYP with agents that show myocardial perfusion has been reported. Nishimura using 43K and 201Tl concluded that the demonstration of myocardial perfusion helped to confirm or exclude the presence of acute myocardial infarction and to improve accuracy in localising infarction (Nishimura et al., 1975) . He made no comparison of infarct size. Parkey using 201Tl found that the combination offered a clearer picture of the extent of myocardial damage and possibly prognosis . Sizing was compared after subjective assessment. Any comparison of infarct size must be seen in the context of isotope distribution. Zaret et al. (1976) , using 43K, found a good correlation with regional myocardial blood flow (RMBF) as assessed by 51Chromium microspheres. 99Tcm PYP uptake increased as RMBF decreased down to a value of 40 per cent of normal RMBF. Below this value, however, uptake decreased as RMBF decreased. Indeed, over the centre of the infarcted zone uptake was mainly in the less severely affected subepicardium (Zaret et al., 1976) . This suggests that 99Tcm PYP uptake occurs in ischaemic as well as necrotic tissue. Taken in conjunction with the fact that defects of 129CS uptake may be minimised by overlying healthy tissue and movement, we can understand the one patient in whom estimated infarct size using 99Tcm PYP appeared larger than that from 129CS imaging, and the two patients with normal 129Cs appearances but uptake of 99Tcm PYP typical of acute myocardial infarction.
However, these factors tend to underestimate any difference resulting from previous infarction. This makes the group who had suffered previous infarction particularly interesting. All these patients had 881 defective uptake of 129Cs. In 2 patients there was normal uptake of 99Tcm PYP and in 3 estimated infarct size using 99TcP PYP was smaller than that using 129Cs. The 2 estimates agreed in 1 patient. It is tempting to suppose that this discrepancy may be reflecting the previous damage. Two patients with no previous history of myocardial infarction also had larger estimates of infarct size using 129Cs than using 99Tcm PYP. Unfortunately the electrocardiogram in one of these showed left bundlebranch block and was of no help in deciding whether or not previous damage had occurred. The other patient had extensive acute anterior and inferior infarction on the electrocardiogram. The results in the case of this patient might represent underestimation of the extent of a large infarction using 99Tcm PYP. This would be explained by poor delivery of tracer to regions with severely compromised perfusion.
Conclusion
The relatively high incidence of false positive and false negatives associated with the 99Tcm PYP test and the fact that it does not become positive for some time after the actual infarction mean that it is not demonstrably superior, in general, to current investigative methods (electrocardiogram and enzymes), though it is helpful in certain patients, particularly those with true posterior infarction.
The ionic tracer technique has a lower incidence of false positives and false negatives and is also more likely to show evidence of true posterior infarction than the electrocardiogram. It does not, however, distinguish between recent and old infarction.
The combination of the two techniques provides more useful information than either alone. In addition to clarifying equivocal results, rough estimates of infarct size can be determined by either technique. The ionic imaging may underestimate the extent of non-viable myocardium, whereas the 99Tcm PYP technique may exaggerate the apparent area of recent infarction perhaps by including ischaemic but non-necrotic areas. Where there is no previous infarction, a combined assessment by the two techniques may provide a more reliable indication of infarct size. In the presence of previous infarction the estimates of total infarct size using 99Tcm PYP tend to be lower than those using 129Cs, the difference, in part at least, probably representing the extent of earlier necrosis. While significant objections still exist to the application of these techniques to the assessment of intervention in the acute phase of myocardial infarction, the extent of 
